The livestock and poultry production industry lacks a current, science-based guide for evaluation of air quality mitigation technologies. Therefore, we performed a science-based review of mitigation technologies using practical, stakeholders-oriented evaluation criteria to identify knowledge gaps/needs and focuses for future research efforts on technologies and areas with the greatest impact potential. Our objectives were to (1) present a recently completed Literature Database, and (2) identify and rank research needs and knowledge gaps based on the Literature Database. The Air Management Practices Tool (AMPAT) is web-based (available at www.agronext.iastate.edu/ampat) and provides an objective overview of mitigation practices best suited to address odor, gaseous, and particulate matter (PM) emissions at livestock operations. This tool helps livestock and poultry producers compare and explore different mitigation technologies. Simultaneously, a literature review of 267 papers was performed to evaluate mitigation technologies performance for emissions of odor, VOCs, NH 3 , H 2 S, PM, and GHGs and inform future research needs. Swine production systems were the most researched with 52% of the data entries. Housing and manure storage were the most researched sources of emissions with 41 and 43% of the data entries respectively. Biofilters were the most popular and farm tested technology for reducing emissions from animal housing. Aeration, anaerobic digestion, composting, diet manipulation and covers were the most researched technologies for reducing emission during manure storage and handling, with aeration being the most effective means of odor reduction farm scale tested. Injection or incorporation was the most farm tested and effective technology researched for land application. Abstract. The livestock and poultry production industry lacks a current, science-based guide for evaluation of air quality mitigation technologies. Therefore, we performed a science-based review of mitigation technologies using practical, stakeholders-oriented evaluation criteria to identify knowledge gaps/needs and focuses for future research efforts on technologies and areas with the greatest impact potential. Our objectives were to (1) present a recently completed Literature Database, and (2) identify and rank research needs and knowledge gaps based on the Literature Database. The Air Management Practices Tool (AMPAT) is web-based (available at www.agronext.iastate.edu/ampat) and provides an objective overview of mitigation practices best suited to address odor, gaseous, and particulate matter (PM) emissions at livestock operations. This tool helps livestock and poultry producers compare and explore different mitigation technologies. Simultaneously, a literature review of 267 papers was performed to evaluate mitigation technologies performance for emissions of odor, VOCs, NH3, H2S, PM, and GHGs and inform future research needs. Swine production systems were the most researched with 52% of the data entries. Housing and manure storage were the most researched sources of emissions with 41 and 43% of the data entries respectively. Biofilters were the most popular and farm tested technology for reducing emissions from animal housing. Aeration, anaerobic digestion, composting, diet manipulation and covers were the most researched technologies for reducing emission during manure storage and handling, with aeration being the most effective means of odor reduction farm scale tested. Injection or incorporation was the most farm tested and effective technology researched for land application.
Introduction
As the livestock and poultry industry grows to meet the world's demand for protein, so do concerns about global, regional, and local environmental impacts of these animal production facilities. Global-scale concerns include emissions of greenhouse gases (GHGs), such as carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O)
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that are associated with livestock and poultry production. Regional and local concerns include the emissions of odor, volatile organic compounds (VOCs), ammonia (NH3), hydrogen sulfide (H2S), and particulate matter (PM) that may affect those that live and work near livestock and poultry production facilities. There are also occupational concerns for production facility workers and the well-being of livestock. It is becoming more apparent that sustainable solutions need a systems approach to address the multilayered, co-dependent, and complex variables that encompass environmental, social, and economic aspects. Our research addresses, in small part, the system view of mitigation of major air pollutants emitted from livestock operations by recognizing that a comprehensive review of mitigation technologies is needed, and that this review must recognize the tradeoffs of different technologies such that it might be counterproductive in treating (for example) GHGs, but effective in reducing ammonia (NH3) emissions.
The livestock and poultry production industry is facing increasing scrutiny of their odor and aerial emissions. This is causing greater interest in understanding what options are available, but the animal production industry currently lacks a science-based guide for evaluation of air quality mitigation technologies and strategies. Within this guide there needs to be clear distinction of which technologies/strategies are proven on-farm, which have good potential to work well in the field based on lab/pilot-scale testing and are in need of on-farm verification, and which technologies need further improvement and verification to become farm feasible. Therefore, we performed a science-based review of mitigation technologies using practical, stakeholders-oriented evaluation criteria to identify knowledge gaps/needs and focus future research efforts on technologies and areas with the greatest impact potential.
The Air Management Practices Assessment Tool (AMPAT) is web-based (www.agronext.iastate.edu/ampat) and available at no charge ( Figure 1 ). The purpose of the Air Management Practices Assessment Tool (AMPAT) is to provide an objective overview of mitigation practices best suited to address odor, gaseous and particulate matter (PM) emissions at livestock operations so that livestock and poultry producers may quickly compare and explore different mitigation techniques. Practices are divided into three categories based on emission source; sources include Animal Housing, Manure Storage & Handling, and Land Application. Within each emission source there is a summary page that provides quick visual assessment of mitigation performance for various parameters (NH3, H2S, PM, odor, volatile organic compounds, and GHGs). Each mitigation practice then has an individual page, which includes a printable fact sheet, a short online slide presentation, a conservative estimate of the range in effectiveness for NH3, H2S, PM, odor, volatile organic compounds (VOCs), and GHGs, and a relative cost (one, two, or three dollar signs). To obtain more information for any given practice, the user simply clicks on that practice within the summary page Although this tool works well for providing farmers with a quick and easy means to evaluate different potential mitigation technologies, it does little to identify remaining research gaps or identify which practices are in need of further refinement or on-farm performance verification. Thus, the objective of our work was to (1) present a recently completed Literature Database that enhances and complements AMPAT, and (2) identify and rank research needs and knowledge gaps based on the Literature Database to inform future research directions based on feasibility, economics, and potential impact. 
Materials and Methods
The literature review consisted of four steps ( Figure 2 ) including (1) compilation of literature, (2) review of experimental information (reference, experimental design, technology performance, scope of study, etc.), (3) compilation and organization of study information into standardized spreadsheets, and (4) evaluation of technology and coding for mitigation performance. The literature database construction started with compiling literature with the use of online scientific databases, such as Web of Science. Database searches were performed with the keywords: odor, air quality, livestock, poultry, swine, dairy, beef, volatile organic compounds, ammonia, hydrogen sulfide, greenhouse gas, emissions, mitigation, housing, manure storage, and manure land application. The compiled literature was then reviewed and relevant information regarding the experiments conducted, technologies used, emission that were measured, reduction of those emissions, year of publication, DOI or link to literature, cost of implementing the technology, and full reference were extracted. The extracted information was then compiled in standardized spreadsheets according to species and source of emission: housing, manure storage and handling, or manure land application (Figure 3 ). If percent emission reductions were not explicedly given in the literature it was calculated if enough other information was avalible using Equation 1.
The % reductions for each target emission were color coded in the spreadsheets for quich visual indication of relative effectiveness. The color coding was broken down into three sections: red=<33% reduction, yellow > 33% and =<67 reduction, or green=>67% reduction. 
Results and Discussion
Livestock housing and storage and handling were the most researched sources of emissions, both with just under 200 entries. Swine was the most researched species with 243 entries followed by dairy and poultry with 86 and 81 entries respectively (Figure 4 ). The distribution of research focuses are broken down further in Figures 5 and 6 by technology and target emission respectively for land application across species. The main focuses of land application are show to be injection/incorporation and nitrogen loss in the forms of ammonia and nitrous oxide. The number of articles is also tabulated in Tables 1 and 2 for all scales and farm-scale testing respectively and illustrates the focus of land application has been the retention of nitrogen in the soil. The emission reduction technologies for swine housing are shown in Figure 8 which illustrates the complex nature of manure as an emissions source and that many technologies while reducing some emissions in fact increase others. For example the urine/feces separation technologies are promising for reducing ammonia and odor but may at some conditions increase the emissions of greenhouse gases. It could be argued (e.g., using a broader perspective such as life cycle analysis) that increasing N (ammonia) retention in manure reduces the need to synthetic N fertilizers. This, in turn can results in significant reduction in greenhouse gas emissions as making synthetic N is fairly energy intensive. Figure 8 also shows how little work has been done with many of these technologies in regards to farm scale testing. This is true for technologies like scrubbers and urine/feces separation that have shown promising results in lab and pilot scales but still need on-farm performance verification to ensure real-world performance. Technologies for emissions reduction for swine during manure storage and handling ( Figure 9 ) showed that many of the technologies reduced emissions of ammonia and odor, but resulted in increased greenhouse gas emissions. Few of the technologies were truly tested at full scale, but impermeable covers show the most promise from lab and pilot scale results, while aeration shows promise with some farm scale trails.
Most research in regards to land application for swine ( Figure 10 ) has been focused on injection/incorporation which shows good emission reduction for odor, ammonia and volatile organic compounds but can under certain conditions lead to increases in greenhouse gas emissions. It has to be considered increasing N (ammonia) retention in manure reduces the need to synthetic N fertilizers. This, in turn can results in significant reduction in greenhouse gas emissions as making synthetic N is fairly energy intensive.
The lack of data for many technologies is illustrated in Table 3 . Many technologies were developed to target a specific emission and in turn that emission was the focus of monitoring, however a holistic approach considering all parameters is needed to fully assess performance. An example of this would be scrubbers in swine housing which were developed for ammonia reduction and have very little data on any other emission impact. Acidification technologies for swine housing illustrates how targeting one specific emission, in this case ammonia by pushing the ammonia and ammonium equilibrium towards the nonvolatile ammonium by pH manipulation, results in pushing other equilibria in an unfavorable direction as is the case for hydrogen sulfide. 
Summary
At present, the livestock and poultry production industries lack a current, science-based guide for proven air quality mitigation technologies and strategies. As a means of addressing this concern a web-based tool, the Air Management Practices Assessment Tool (AMPAT) was developed to provide farmers with clear information on what technologies are available, how they are implemented, in what situations they are appropriate, and a conservative estimate of the performance they will achieve. As a supplement to this tool, a science-based literature review was performed to identify and rand research needs and knowledge gaps on these practices. This review made a clear distinction of which technologies/strategies were proven in the field and which had only received lab/pilot-scale testing. This work showed that within animal housing biofilters have been extensively research, but many of the other technologies had only received limited evaluation. Identifying these knowledge gaps / research needs will help focus future research efforts on practices with greatest impact potential where data is currently lacking. This database revealed that swine received the most research focus leaving a need for more research in regards to the other species and also illustrated the need for a holistic approach to monitoring mitigation of emissions and orders from livestock and poultry production as many technologies seem to have tradeoff between reductions for several parameters and increases for other parameters.
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